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ultraviolet imaginq of hydrogen flames

tiorge J. Yat98, Mark Wilko, Nick King, and Alax tipkin
Los Alamon National Laboratory

Los Almos, NH m7545

ABSTRACT

W. have a8Eamblod an ultravi lot-so ● itiva inton8ifimd camera for obsa~ing hydrogmn
!!9combustion by imaging the oN, A Z+ - X n bandhmad ●mlsaionu near 309 rue. The camera

consistm of a quartz and CaF achromat lenme-couploa to an Ultravioltit image intanmifler
which is in turn fibar-couplad to ● focum proj~ction scan (FPS) vidicon. Tho ●mimnion
band is solactad with intarfaranca filtarn which ●orve to dincri~inata aqainut background.
Tha camera providan optical qain of 100 to 1000 and im capablo of baing ●huttmred at
nanomocond mpeeds &nd of bolng fram.md fit ovar 600 framma par ●acond. W. pramant data from
observation of temt flames in ●ir at standerd RS-170 video ratas with varying background
condition. Enhanced images uminq background ●ubtractlon ● rm promontod. Finally, we
riiscumm tha uma of polarization ● ffmctm to furthgr discrimination ●gainst ●ky background.

Thin work hogan ak ● faaaibility mtudy to invomtigata ultraviolet technology to dmtect.

hydrogen fires for the NASA ●paco program.

1. x~

Hydrogon burns with vary little emiamion in U. visibla making obmorvation or detection
difficult. Eoma provioum work on this problam ham baan based upon usin
amiscion bands shown in tho H2 s~ctrum (Fig. 1, P=OVidW! to U. by “ASAY?h:v;::;::e:o;~R]
buation in oxyqon producsn ●n OH

(~) 309-nm bmxi.h.ad from Mm A?~J8~i~~flb:~~n~:~~o~,~0~m ‘U1l “idth ●t haif maximum,. Our weaauraments of hydrogen
(Fig. 2) burning jn ●ir at 7000 ft ●lovation ●how paak ●mimmion near 310 nm. At ●oa 10VG1
tha ●trnomphsric contant 1s higher for IR Man for UV. We Mliavo that IR-based dot~ctorm
would tiav. h~ghar b.ackqrounda to compote with tha H2 flamo signal, rasultinq in poorar

~~

HYDROGEN FIRE RADIATION
SPECTRUM (NASA DATA RPT)
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Fiq. 2. Ultraviolet ptlt.ian of hydr~an flmma spectrum, in ralati-.raunits nomalizmd to
peak (-310 nm L A ?m; .

contramt imaqom. In addition, tho pramanco of camkmtion ●ourcom during ignition phasam
of a launch ●aquancm I“VUL4 ymnarata ●tronq IR ●mimmion but virtually no IN ●mimnion.

Preliminary work ir?vo?vtid uminq our UV camera ●nd ● ●pe-troradiometer to meanure thm
ralativo ●iqnal-to-background ratioa of ●n H2 flana burning in ● ir under varlcum back-
ground aondltionm ~ncludlnq cloudy ●nd ●unliqht c~nditionm, dark and hiqhly rofloctivo
backgrounds ●t Las Alamom, Now Haxioo (7000 ft .lcm/ation) and St aant& Earbai-m, California
(saa l*vo1). A prctotyp ●yatam uminq WV optics, narrow band IR blocked W natch filters,
WV trannuinsiva quatiz facaplatc image intonalfiar/vidiaon m readout wem dmmonmtrhtmd ●t
NASA’S Cap.aKannody, Florida facilitioa with raasonabla ●uocamm.

8ubmq’uont hprovamenta, included (1) tho use of background subtraction techniqua8 by
raal tima on-line procomaing of vidao framam Uainq diffora~lt opticti, filtsrs wit:)●nd
without tha H2 flmma SS WO1l ●a dOiRq tha subtraction latar in our imag~ procmmming lab-
oratory using storad data ●nd ●oftwaro ●lyoritltms~ ●nd (2) -O !Jno of polarltation optics
to ●ttmnuata background gloro ●nd raflactionm at e graatar ratm than tha non-pol~rised Ha
flama ●iqnal,

zh~

Tho imaqinq rmquirmmantm for tho projoo: war. that ● sufficient ?iold-of-view (?OV) b
prvvidod to ●ob an - 200 ft-diamotar ●cmno with snuugh rarnolution to dotact ● flamo of
b-in hmi ht @nd l-in width ●t dimtancam from 50 ft to 1000 ft.

!
‘T?Io oystom would hm~~o to

op9rata n boti daylight conditions with high am,bicnt Liqhtinq inc).udinq poomibla rofloc-
tiona from 8unliqht ●nd in night aonditionm with sufialll~nco liqh?.inq (- 200-ft cantilo
illuminanca) from X-non lamps.

A bri@f domcription of our original W systm is qlvon hero, followed by ●nGlysls cf
its oapabilitios towardm ~t~rig tho abova oonditlono,

A ●lmpllflod bloc~ diaqrsm of mr T’V amwra in ●h-i ~n ?iqi 3. T?. n@mti of the
Oystcm la tho W ssnsitivo compononta which ●t- (1) narr~w bsnd W notch filtarm with IR
blocking, (2) W tranomismlv~ Quartc/CaF/MgF Ions, ●nd (J) lmmgo intansifiar with W’
tranmmimmive quartt fao8plata ●nd 8-20 photoca hod. w th high-quantum ●fflclency An thm
w. The groin providmd by tho lntmnmlf~mr (-10!!to )0 ) is roqu~rod to amplify wask UV
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Fig. 3. Tha ultraviolet TV Camera, with kay component notmd. Tho ●poctral tra~~smittanco
of (1) is basically flat at 65* from 100 to 1000 nm; tha ’308 nmn filter has CWL
of 300.5 rm, HEW of 12 nmr peak transmission of 20\ and tha “31O nm” filter has
CWL of 309.5 nm, HBW of 9 nm, peak transmission of 19t; tho i~ltannifior photo-
cathdo ( 3 ) had - 9* QE ●nd 22 ti/W ●t 310 nm~ itos (4) ●lso umad Sb2S3 target
vidicon,

signals of intmremt which arm strongly attanuatad (to ●bout 3 to 4* of original 8tr9ngth)
in the procamm of filtaring against othmr pa’rtm of the 8poctLum prmmmnt in anticipated
ncenen . The imaga intmnmifior im fibar optically couplod to a high resolution Focus
Projection ●nd Sc&n (?PS) ●loctromtatic daflactmd vidicon (4) that im Lxned for TV readout.
Ths T’Vcamera (5) im ● spatial dosiqn, fast-mcannmd radiomotric unit used in our groupn
underground nuclear treat diagnostic praqram. (Other vidicon/camara combinations kra alno
suitable. Our familiarity with (4) and (5) ●s WO1l ●m thair ●vailability promptod their
LV8. initially). The mpocificationm of thssa componantm ●rm 8LLmmarizmd in the nottim and
caption for Fig, 3.

The lC1-mmdjammtar of the image intanmlfiar photacathoda limits the camera’m FOV ●nd
its inharont liaiting romolution (5 to 10t ~F) of approximately 20 lp/mm or 0.025
mm/plxol ●mtablishoo ths camara r~molution ●lonq sithar ●xim. Thm FPS vidicon ham ●bout
twice the romolution’, achiavinq ●pproximately 25 to 35BB point spraa

I

function (affoctivo
FWHM of tha scan bcun diam,tor) with 5 to 10\ CTF ●t qroatar than 40 p/mm. For tho TV
camera, in tha valtical direction (nxis) tho quantity of rasttr linas (525 lincm for tho
RS-170 fok_mat initially ●olactod for ●ama in using convontlonal W d~nplay ●nd rmcardinq
m~dia) d~t-~ing- ~A rg-olution ●nd in Uig horizontal diraction (axis) tha ramolution is

dotsminod by both scan baam voloclty (swsop s~od) and vldao ●mplifiar bandwidth.

At a dimtanca of 200 ft our Syatmm ramolution WRD ●mtimfitad uminq 105 mm focal lanqth

●nd IO-MM diamat~r tarq~t, Tha ●ymtam damagnification factor im 580:1 givinq tht camara
● FOV of 34.1 ft diammtmr at thm objoct plan. with tho 6-~n flare- height scaling to Q.O1OY

inches (0-262 mm) ●t tha intonsifi~r photocathod@. Thm corrampondinq l-in flame width ia

reduced ta 0.00172 inchmm (0.0437 mm) ●t tha photocathoda. Tha 0.025 mm intunmifimr res-
olution im ●dtquatm in the vafiical direction but marqinal in thm horizontal dirar!tion.

Tho ~ vertical resolution of 525 linas/10m (29 lin@o/ms) provldam 7.46 lin@m/flam6
haiq;~t which im sufficient to prmmmmm tha intenmifior imaga. In tho horizontal dir-

●ction, aombininq the intanmifior plna! ●ltm ●nd thm fla-o-width 8ia@ in quadrature givaa
● firmt ●pproximation flareswidth of mO.05 mm. Aamumitvq no suhtantial further dagracla-
tion by thn FPS vidioon, VI. flamm width ropro8antm ●n ●ffoctiva spatial froquoncy of
●pproximately 1S0 cyclom/lino Aanqth. Thim ia ●mtimatad by ●msuminq tha mmximum timmm
that tha flarnc wi th (50em) can ba rapllcatod periodically ● cromm tho vidicon targat
dianatsr (lSmm) with dead spats (no imaqa or unimaqad ●rsa) botwo~n ●uaaammlva flamo
widthm ●qual to th~ flama width itself. For tho 52.4 tim lin~ duration of RS-170 video,
thim ●patial frmqumncy im tranmfo-md tom3.44 MHz which im wall within the bandwidth
capabilitlas of tha :’tidarXS551 aamara vLdmo chain (-JdB point ●djustable downward from 25
MHz).
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The flame that wm ●tudimd was genaratod by flowing pure hydrogan through a 0.32-cITI
nozzle at a rata of 0.12 l/8ec. The laminar flowing gam wam iqnitad and burned mtaadily,
The ●tmospheric pressure in Los Alamoa in typically 580 torr. The slightly luminous jlame
wam - ; in (15- to 20-cm) high and 1.5 irl (2- to 3-cm) wide and therefore had a B-in
(50-cm ) longitudinal cronn section. A calibrated poitable spectroradiomater (Li-Cor LI-
1000) with 5-n.mresolution ●quippd with a coainm integrating hemisphere ●nd a radiometer
with calibrated radiometric ●nd interfermnee filtmrm ware umod to make spectral and
radiomatric ■mamurematm.

?igura 2 mhowm tho Il. flame •~ctrum in tha m~ctral region of interest. The dominant
●mimsion feature im p?afied ●$ 309 nm with ● FWHH of 10 nm ●nd im probably due to ●mission
from the unrmaolvmd A Z+ - X flband of OH, an intermediate combufition product.

At 1 nter from tha flame, wm ■easurad ● flux of 2.5 nw/cm 2 in the OH band, laplyinq a
paak 8pectral radiance of about 5.6 X 10-8 watt8/cm2/nm/ater. Umamurmmentm at 309 ~ were
●adm of the spectral irradiance from the ●un and the npectral ratiiancm of the bluo ●ky at
a right anqlo to the dirmction of the mun. I’haradiance and &rradiance meamurmmmntm were
made on ‘typical” claar, sunny days with the ●un ●t about 45
in Santa Barbara,

●levation in Ias Alamom and
Cm. Tho measuramentm are ●ummaritmd in Tabla 1 ●long with our maamured

values of thm solar conmtant which ●re given to provide an idna of tn. accuracy of tha
radiance ●nd ir:-adiance maamurmmantm. The radianca ●nd irradiance moamurmmentm ● rm
consistent with previously publish-d valuas (a.q. R-f. 3) ,

From ths tabla v. can ●ee the solar irradiance ●nd the blue ●k;~radiance over 2* at >09
nm ●rm comparable ●n@ larger than tha flama irradiancm. As will be seen in the following
●mction, the maamured video ●iqnalm from reflective beckqround ●ources are o~ly comparable
to tha flame signal but not ●m larga ●s Tabla 1 would predict. The low background is duo
to tha low raflectlvlty of ■ost objoctm ●t 309 nm. Tablo 1 ●lso pradicts that tho flame
signal should ba a factor of 9 lower than the blua aky signal whan the flaua im imaged
with ● narrow band filter ●qainmt the blue sky in LQ8 Alamo8. The vidao data in the nmxt
●octlor, show reamonabla ●greement with the value of 9.

TABLE 1
Background Sourcem

Solmr C nnt.
lw/cln9,

Solar Irradi nce
9JQ3 ~ (H/~ 9

Blue Spy R diance
f309 nm ~U/= /12UUS.Q

!

Santa Barbara 0.10 4.0 x 10-6 7,9 x 10-7
k- Alamo- 0.14 9.9 x 10-6

Ratio (SB/IA) 0.74
5.2 x 10-7

0.40 1.5

Althouqh the larqcmt aonxrlbution is mhown to be from tho sun rather than fro,,lthe Blue
Sky, me ●mtimatmd ovarall ra uctio

-~
~in Wstme ● lev~l is probably the GUS of 81 n ●nd

Bluo Sky ●t i09 nm (4.0 X 10 W/cm /m/star) eoupared with th. sirilar sum (10.4 X 10-6
U/~2/rM/8t@r), fOr h Alamo-, or 2.2X.

Initial measurements ●t -s Alasoa woro done uming ●vailable W filtarm, most of which
were broadband (> 50 )LM)●nd not very WO1l blockod out-id. their trmnmmission band., Our
ba8t high-quality filter nmarest tha H2 310 rtmband was aontored ●t 33B.6 nrn with bame
width of 12 to 14 nm. Raferrin to Fig.

!
2, tha low-r ●nd of it8 transaimslon blnclunly

●liqhtly overlap- the ●xtrame h qh waveltnqths ‘winq” of the H
noim ratiom Wrti obtalnad wIU’I video amplitudes of 50 ■V and ~.~~~~~nd~~~ :~~n’~~~O~ym-
ta.mwam subsequently operated ●t Cags Kannedy with ●imilar rmmulta.

Speciel na;rowbsnd filter- oonterod ●t 308 ●nd 31u nm w~ro obtained and US- with ●

broadband (BB) filter in various oombilmtion, ●ll of which provid-d improv-nta in the H2
●iqna’. but w~tk verioum trade-of?d in ●lqnal-to-baokqround [t/BG) ●nd ●ignal-to-noimo
(s/R/ ●m indicatti in Table 2. The BB fllt~r Wam ●n Action Recearch Corp 320-N with
aantar wavtlonqth (C14L)ef 320 IIM,half bandwidth (HDW) of 22 nm, pgak t!!anmm18810n of
14*,

Tha data wmro taken viowinq tha 7-in H fla.mo in dayliqht ●t ●evarml qtin and hiqh-
voltaqa mattinqs for tha intenmifimr. All data presented wet-o taken using thm F4.3 105 mm
W-monnar lana, ●lthouqh we ●lso ●xparimanted with ● single ●lomont Piano Convex L~F F1 50
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m lann to moo 8ffoctn on flame-to-background ration from the diffuse (unfocused) offband
light provided by the tingle ●lament.

TABLE 2.
,EU&L K.F!_U# tlY &&l OA$i&U#s& Wfidi

5.6KV 200HV 2.5/1
31O+BB Max 5.6KV 0.7V 0.7V 1;1 200UV 3.5;1
3OB+31O Max 6.OKV 0.6V 13.lov 6.0/1 100MV 6.0/1
310 < MaX 6.OKV Q.45V 0.30V 1.5/1 50M-V 9.0/1
31O+BB < Max 6. OIW 0. Iev
308+310

O.lv 1.8/1 5011V 3.6/1
< Max 6.OKV 0.15V 0.05V 3/1 50MV 3/1

,

oscilloscope traces which idelitify tbo H2 Signal, ●vmraga background, ●nd video -pli-
fiar noiaa componontm ara ●hewn in Fig. 4. By comparing tracss a through d, the h-t

1=’=nlll

9G

(a) 308 mm + br~dband filters (b) 310 nm + broadband filtars

(c) 308 m + 310 nB filtarm (d) 310 m filtar ●lona

Fig. 4, Rydroqon flaw ●ignal V- background for varioua filtmr ●nd Antenmiflor gain

configuration. For ● ●nd 3 the intanmiflar gain wam maximum ●nd ●pplied voltaqa
was S,6KVI for c tho gain wa8 maximum ●nd voltage was 6.0 KVI for d both Qmin ●nd
voltaga warm rduccd bocaumm of incraaaad tranmmimmion.

aumbination for hiqhemt g/BC is the 308 ●nd 310 nm 8et. !fowovar, the 8/N 18 poorer than
with tht 31o nm filter ●lona. anv~lsoly, for tbQ 310 nm filtar ●lona, tho S/BC it
pobror, uc ro-cmphasiso that thcma ●ignal ●mplitudes can ba improvod s!qnificantly, cnd
that Potentially th. Mat ●ltuation i8 to usa two n.arrowband filtarm awd bmst 81qnal
lavsl~ ●bove video noima by umirbq famt@r lsna (Fl) or by increasing tha ●cnmitivity of tha
lntmnmifimr or vidlcon.
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2V/div II

--

Iii!lll2v/div

km-l P“4
T ---

(a) Fl@ma vs bluo sky W (b) Flamo vs blsck BG

1

lV/div

I I ii
BG

I

(c) Fla.m9v- nominal M (7000 X) (d) Flu. vs nominal M (mea lavol)

Fig. 5. Flydroqon flama signal v= various backgrounds. In a thm flamo siqnal im ●gainst
tho blua inky; in b ●qainmt tha blum ●ky but with black ●urfaca bahind tho flamaj
In c ●gainst nominal background (all ●t 7000 ft). In d, the clam. signal is
●gainst nominal background at s-a lovol.

Enhancement of tha H2 flama vam •ch~avmf.1 by ●u.btractlng a background frama from onm

~$:::: tha flamo in it, Thim can bm done in real tin with vidmo ●yrichronizmd filtar

Filters ~ntorod on tlla H2 mission lino ●nd just off tha ●mlmtiion line with
●qual spectral width ●nd tranmmimnlvity ara needed. Roforrinq to sarlior Fi9. 2, one can
●ea the potmntial ●ffect of ●uch solactivo filtarinq.

Tha 322 ~ 4 nm filtar would trfinamit tho ●mmo background ●a thm 310 nm ~ 4 nm, but
would trsnsmit 13,3X waakmr H2 signal, ●ffec~ivaly reprmmmnting m bhckqround frame. W*
brlafly ●xplormd tho techniqum but found that due to sliqhtly diffaront tranamimmionm of
tha ‘on band” and “off band” filtarm, ●it.hr too llttlo or too much background wam be!nq

●u.btractod. Conmagumntly, rathmr than bulldin~ up A flltor whool systan, w. rocordsd
●uccm88iva Imagmm fOK subtraction with ●nd without ●n H2 flama prasant. Thomo wmra pro-

omaaed to simulats tho ramultant imaqm ona could obtain with n matched flltor nymtmm. Tho
d@La prmmantmd hmra war. not procammod in real tima. The H2 ●nd background imaq88 ware
6i~itlrad in r-l tin ●nd ●tored on floppy dime for ●ubtrmction in our imaqm procemminq
labora:o~ later. Ma ●lso uaod on l~nm rmal time lmaqm mubtract~on ba~ad upon ● Quantax

diqitlter/prooemmor. However, th~ lack of ● real tlmo filtar whsal
●ymtem oparati~ ●t video ratmm aatla ●nmlyaim of them ramultm diffarant to Intarprat.

W. umad ● liqht blus pickup tmok in sunlight fo: background in ?igm. 6a ●nd b (loft
●nd aantar) . Bright rmflactionm from ●hinny surfaa~a ~ra ●lso in tha moan.. The
picturom in Pig. 6a Wara taken with ●n Sb2S3 target FPS tdba in the aa.nra.
●qain takan (Fig.

Pictur88 wara
6b) with a 8ilicon ta~ot ?PS tubs in th, oamra ●nd rmmultad in ●n

improvod H2 Si$inal of 1.3 voltm ●molituda vs 0.7 vo~tm with tho Sb2S3 t-. Tha silicon

tarqat s180 providod h linear romp IS- to liqht war ltu dynamic rang.. Houovar, tha
●ublinomr trannfmr charactoriotic of tha intgnmifiar Mar ●aturation raducsd tho H7 8i9nal
●t highmr background. In Flqm. Cm and b (right), tha rasults era tha H2 lmhga ●ftar
bbekqround ●ubtractlon. Tha briqht rafloctions (oavaral timsm Mr. Intanaa thsn tha flama
signal) aro virtually slimlnatod ●lthough tho data ●ppaar to 70QVQ ●nough

!

●n.ral

bmckqround to ●how ●n outlina of thm pickup, This failt outlina ham tho v rtu~ of qiving
tho location of th~ K2 flame. Similsr rsaults oan ba ●cquir~d from ●ppropriatc ●sloction
of trtinmmi-mivity for ‘on band= ●- ‘off band= filtars eascribad ●arllmr.
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(loft) (canter) (rigI-t)

(a) Blua pickup Mckground (Sb2S3 vidicon)

(laft)

(b)

(left)

Blue

(cmtar)

pickup background (Silicon

(contor)

(c) Aluminum plata background (Silicon

(right)

vidicon)

(laft)

(right)

vidicon)

(right]

(d) BIIA@sky backqrou.nd (Slliaon vidiaon)

?ig. 6. Background ●ub<raction ●oqumncam. For all ●mquancom, tho left photo im tha
background with tho hydroqan flama ●lunalr tho cmntmr photo is thm background

only, and tho right photo is tha rasultant flamo signal ●ft-r kckqround
subtraction. All data taken with d~yl}qht oondltion with flm ●t 50 ft distanco

●nd tho 308 and 310 nm filtar omhination.

In Tiqa. 6C and d (loft ●nd aontar), two o’thar hakqrounds w-r. umod to provide moro

difficult tamtm in lmolnting the hydroqmn flama. In Fiq. 6c, ● bright aluminum reflactor
was placed behind tha flares. Tha ■ost diffioult tsat lnvolvod looking ●t tht flu.
●ga~nmt thm bluo ●ky ●m BIIod’n in ~iq. 6d.

The rmmultm from the background 8ubtra&lon tmchniquoa ●rm ●ncouraqinq. Howmvar, if
roflactionm ●rm not ●xactly Via mam9 for tha two iuqas, they can produco signals that ●ro
difficult to distlnquish from VI. flama signal an ●hewn in Fiq. 6d (right), wharo tha
backqroundm aro diffaretit with the ronult -t the ●ubtractlun wan .>ot vary ●ffective in
isolating tho flare siqnal.



93234

a) H2/polariser ? O“ b) H2/Folarizer @ 90° c) K/polarizer @ 0° d) BG/polarlzar @ 900

Fig. 7. Attenuation ●ffocts on hydrogen flame signal (a and b) and background glaro from
raflactivo aluminum plate (c and d) as functionu of polariz~r orientation.

$~o~ OPTICS POR ~

We ●xplormd tha possibility that r~olarized light from background scurces could be
substantial. Tho ●tmosphere is known to produco tho “blue” of the sky by ●cattaring this
color prafsrontially from tho whit@ 8u.nlight. This scattering phonomanon produce~ lin-
●arly polarizod light. A180, w. anticipated that reflecting surfaces could produce

polarized background “glara”. This ●ffect is maximum ●t Browter’s anglo a)~dwe would
●xpect come muperpomition of l~ght rafloctod from several angles so that the signal would
be pafiially polarizad. Thus, both the scattering and reflection mechanisms could pley a
role in producing background at 310 nm with ● different polarization than the flame
(assumed to A- unpolarized).

_’~e obtain.d an ultraviolet Glan-Thompmon calcita prism polar~~er with ●pproximately
10 O& tranumimmion st 310 nm ●nd ●n ●xtinction ratio of 1 X 10 in tha “crossed” con-
figuration. Firmt, Wm tasted tha prism in series with the two notch filtarz on the
hydrogen flama. AS ●hewn in Fig. 7a and b, only ● slight difference in video lavals was
obae~ad betwoan the 0° and 90° oriantationa. We then used tha polarizar in the uunlight
with tha aluminum platm ●s background. The plate anala wam adjuntod to obtain ❑aximum
qlaro. Figuro 7C ●hova that with tho polariz-r aligned p~rpendicular to tho plan. of
roflaction (i.-., vartical), we ●am about ● 50t reduction in th. UV background comparad
uith the horizont~l alignmant, Fig. 7d.

In conclusion, the uma of ● polarlzor ham tha capability of rmducirtg tha W background
componen~ at 310 nm by ●bout 50t in s>mo circumstance. Thim results in an Lmprrvament in
tha hydr~an ●ignal-t~ ~*?k7-sund by n factor of 2X for nome ●canes. Howovor, tho flame
signal it-elf ●lraady ●ovarally ●tton’~atod by tha notch filtars (. 4* of original
■trengtl~) im further ●ttmnuatad, rssulting in rmducad ●ignal-to-video noina ratio of
●pproximately 1.5/1 as shown in Fig. 7a or b.

tiMwuwmmm
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